The initiation of enteral feeding represents a challenge to the neonatal intestinal microcirculation, especially in preterms where it predisposes to necrotizing enterocolitis (NEC). We hypothesized that a structural microvascular deficiency may occur when enteral feeding is initiated in preterm piglets susceptible to NEC. Stereologic volume densities of a pan-endothelial marker (vWF), and the main vasodilator endothelial nitric oxide synthase (eNOS), were determined along the small intestine of 1) unfed preterm piglets, 2) piglets receiving total parenteral nutrition (TPN) for 2-3 d, and 3) piglets fed 2 d sow's colostrum (TPNϩSOW) or milk formula (TPNϩFOR) following TPN. In the mucosa, vWF-density decreased in a cranio-caudal direction. A corresponding mucosal eNOS gradient appeared only after initiating enteral feeding. In TPNϩSOW, eNOS induction may lag behind the mucosal growth of the caudal region. In TPNϩFOR, formula-related factors (i.e. bacteria, cytokines) may suppress mucosal eNOS, indicated by increased stresssensitive nuclear HIF1␣ staining. The low mucosal endothelial eNOS density was related to the presence of NEC lesions, maybe via increased hypoxia-sensitivity, especially in the caudal region as indicated by nuclear HIF1␣-staining. Our results suggest an insufficient structural adaptation of the microvasculature to enteral feeding, especially of mucosal eNOS, which may lead to NEC. T he birth process converts the relatively dormant fetal intestine into an organ of intense metabolic activity and associated abundant perfusion, as it becomes the sole site for nutrient absorption. This profound transition is particularly problematic at premature birth, where it may result in NEC, a severe inflammatory bowel disease associated with the initiation of enteral feeding, especially formula (1-3). Therefore, a period of total parenteral nutrition (TPN) in preterm infants is often required before enteral feeding is tolerated (4). The etiology of NEC is unknown, but a dysfunctional intestinal microcirculation could contribute to the etiopathogenesis (5,6).
T he birth process converts the relatively dormant fetal intestine into an organ of intense metabolic activity and associated abundant perfusion, as it becomes the sole site for nutrient absorption. This profound transition is particularly problematic at premature birth, where it may result in NEC, a severe inflammatory bowel disease associated with the initiation of enteral feeding, especially formula (1) (2) (3) . Therefore, a period of total parenteral nutrition (TPN) in preterm infants is often required before enteral feeding is tolerated (4) . The etiology of NEC is unknown, but a dysfunctional intestinal microcirculation could contribute to the etiopathogenesis (5, 6) .
The newborn intestinal circulation shows some unique features, up to now intensely studied from a functional point of view (5, 7) . Nitric oxide (NO), a gaseous free radical produced mainly by endothelial nitric oxide synthase (eNOS), is the most important vasodilator during the perinatal period in sheep (8) and pig (9) . Although eNOS is constitutively expressed in the endothelium, both eNOS mRNA and protein expression can be modulated (10) , including by nutrient intake (7) . Furthermore, intestinal blood flow shows a cranial-tocaudal decrease along the small intestine in neonatal and adult dogs (11) , pigs (12, 13) , and humans (14) . It is, however, unknown whether this functional gradient in the small intestine is associated with a similar gradient in microvessel distribution and/or eNOS protein expression. Histologic analyses of the regional morphometrics of the intestinal endothelium and eNOS expression during the first days of life are therefore interesting. Further, we do not know if there is a relation to tissue hypoxia during this critical time. Nuclear hypoxia inducible factor-1 immunoreactivity by immunohistochemistry (HIF1␣-IR) can be used as an indicator for such cellular stress, although it is potentially induced by bacterial lipopolysaccharide (LPS) and cytokines as well (15, 16) . We hypothesized that the response of these parameters to enteral feeding in preterm neonates would be consistent with an increased NEC sensitivity. Therefore, our aim was dual: first, to characterize structural changes in the microvasculature and its eNOS expression along the small intestine in premature pigs fed similarly as premature infants. Second, to use these data to indicate hypoxia sensitivity due to retarded endothelial development in a premature piglet model of NEC.
MATERIALS AND METHODS
Animals. Surgery, delivery, assignment to feeding patterns, and incubation of the premature piglets were carried out according to methods described earlier (17) . In short, 34 piglets from 6 sows (Large White ϫ Danish Landrace) were delivered by cesarean section at 93-94% of gestation. After delivery, the piglets were placed in infant incubators with regulated temperature, moisture, and oxygen supply. Rectal temperature and arterial Hb saturation were monitored. The experiments were approved by the National Committee on Animal Experimentation, Denmark, and the Ethical Committee on Animal Experimentation, University of Antwerp, Belgium.
The piglets were randomly divided into four groups. One group of newborn piglets was killed within 12 h of birth and received no nutrition (NB, n ϭ 5). All other pigs were given TPN (Nutriflex Lipid plus, Braun, Melsungen, Germany). The composition of Nutriflex Lipid plus was modified as described in previous studies (17) to provide sufficient energy and protein for a slightly positive energy balance. The TPN solution was infused continuously at 4 -8 mL/kg/h for 3 d via a catheter inserted into the transected umbilical artery using automatic infusion pumps (Infusomat Secura, Braun). After 2-3 d of TPN, a group of piglets was killed (TPN, n ϭ 10), whereas the rest started with total enteral nutrition with either sow's colostrum (TPNϩSOW, n ϭ 9) or infant milk formula (TPNϩFOR, n ϭ 10) collected and prepared as described previously (3, 17) . Both diets were fed at 15 mL/kg/3 h for 32-42 h after the TPN period.
Tissue collection. All piglets were anesthetized (Zoletil 50, Boehringer Ingelheim, Copenhagen, Denmark) and subsequently killed in a fasting state with an intracardiac injection of sodium pentobarbitone (Nembutal, Abbott Laboratories, Chicago, IL). The small intestine was rapidly excised and divided into three segments of equal length, designated cranial, middle, and caudal region. Tissue samples of 2-3 cm were removed from the middle of each region, rinsed, and fixed for 2 h in 4% freshly prepared formaldehyde (0.1 M, pH 7.4). The fixative was subsequently washed out with 0.01M PBS for 24 h and tissues were stored in PBS containing 0.01% NaN 3 at 4°C.
Paraffin sections. From each tissue sample, one biopsy (3-5 mm diameter) was taken, embedded in paraffin, and sliced in 5 m vertical paraffin sections. The first section was collected randomly and subsequent sections were collected a systematic distance of 4 sections apart, giving 10 sections per small intestinal region per pig used for morphometry.
Hematoxylin-eosin sections. The HE sections were used for estimating villus width, crypt depth, and villus height. These parameters were used in a mathematical formula to estimate absolute mucosal/villus growth. Considering the fingerlike villus shape in neonatal piglets (18) , villi may be regarded as approaching a cylindrical shape, thus villus volume was estimated by * (width/2) 2 * (villus height ϩ crypt depth). Histopathologic scoring of the intestinal NEC lesions was performed on HE sections according to absence (score 0) or presence of lesions (score 1) (Fig. 1 ). Lesions were characterized by clear tissue damage, either necrosis of the villi, severe congestion with hemorrhage and/or separation of the tela submucosa.
Immunohistochemistry. Briefly, the basic immunohistochemical protocols were as follows (Table 1) . After deparaffinization, antigen retrieval was performed. Nonspecific staining was blocked successively by incubation in 3% H 2 O 2 and 10% normal rabbit serum. Subsequently, primary antibodies and commercial enzyme-conjugated secondary antibodies were used, after which the immune complexes were visualized.All dilutions were made in 0.01% Tris-buffered saline (pH 7.4) with 0.3% Triton-ϫ100, and washings in Tris-buffered saline were performed between different steps. Positive control slides for HIF1␣ consisted of 45-min ischemic intestinal loops of newborn piglets.
Quantitative morphologic analyses. An Olympus BX50 microscope, equipped with a DP70 camera connected to a computer system running the software program Cast-grid (Olympus), was used for the quantitative analyses. The optimal density of the stereological grid, the number of sections, and the number of sample fields were estimated as described previously (19) . The volume density (Vv) of eNOS and von Willebrandt factor (vWF) in the different layers of the intestinal wall were estimated by using a grid overlay on a series of blinded, immunohistochemically stained sections and subsequently counting the number of grid points ( (Table 2 ).
In addition, a new variable was created to express the ratio of eNOS-IR to vWF-IR in the mucosal endothelium (eNOS/vWF). As vWF is present in all endothelial cells, this variable determines whether observed differences in eNOS Vvmuc are due to alterations in endothelial cell distribution (vWF) in the mucosa or to eNOS expression within the endothelium. Finally, nuclear HIF1␣ was microscopically evaluated as being present or absent.
Statistical evaluation (using SPSS). Three samples were excluded from analyses as their villi were too severely damaged. All stereological data were arcsine-transformed to obtain nearly normal underlying distributions. They were analyzed by repeated measures ANOVA to detect significant effects of intestinal region or feeding regimen on vWF-IR, eNOS-IR, villus width, and mucosal growth. Post hoc comparisons were performed using an LSD test for diet effects and a Scheffé test for effects of intestinal region. Standard Pearson-correlation testing was performed to evaluate associations between villus width and vWF-IR. Independent sample t tests were calculated to determine whether vWF Vvmuc or eNOS Vvmuc depended on lesion score or hypoxia. A relation between nuclear HIF1␣ staining and feeding regimen or region was evaluated by means of a 2 test. Results are expressed as means Ϯ SEM p Ͻ 0.05 were considered significant. Immunohistochemistry for vWF, eNOS, and HIF1␣ consisted of subsequent application of antigen retrieval, and primary and secondary antibody incubation. Secondary antibodies were applied according to the manufacturer's recommendations. AEC, aminoethylcarbazole; NBT/PCIB, nitro blue tetrazolium/5-bromo4-chloro3-indoyl phosphate.
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RESULTS
Microscopic evaluation. vWF-IR (a pan endothelial marker) and eNOS-IR were exclusively seen in the cytoplasm of endothelial cells delineating the blood vessels in all layers of the intestinal wall (Fig. 2) . In the muscle layer, most blood vessels were observed running between the longitudinal and circular muscle layer, sometimes extending between the muscle bundles. The largest vessels were located in the submucosal layer, where the venules showed variable eNOS staining. The mucosal vessels were eNOS-and vWF-IR from the base of the villus to the top and they were seen as two to three parallel strings running along the villus axis (Fig. 2) . These vessels were often localized close to the mucosal epithelium, in accordance with the classical "fountain pattern" described in pigs (20) . In some samples, eNOS-IR faded toward the villus tips, independent of feeding regimen or region (percentage of samples showing fading gradient: cranial region ϭ 20.8%, middle region ϭ 31.0%, caudal region ϭ 21.4%, NB ϭ 15.4%, TPN ϭ 50.0%, TPNϩSOW ϭ 26.9%, TPNϩFOR ϭ 18.8%).
Nuclear HIF1␣-IR was often found in enterocytes exhibiting a more intense staining at the villus tip and fading toward the crypts, sometimes co-stained with lamina propria cells (Fig. 3) . Nuclear HIF1␣ staining was clearly associated with the administration of formula (p ϭ 0.01) and occurred more in the caudal region of enterally fed piglets (p ϭ 0.02) (Fig. 4) . NEC lesions were not associated with nuclear HIF1␣ staining.
Villus growth. Mucosal growth was taken into consideration, since age and feeding could be expected to have an impact on intestinal villus volume, and thus microvascular density. Region and treatment interacted significantly in regards to villus volume. In the cranial region, only the TPN group showed significant villus growth (ϩ94% compared with NB, p ϭ 0.02), in agreement with previous reports (17, 21) . In the caudal region, villus volume of TPNϩSOW piglets showed a remarkable increase compared with TPN piglets (ϩ128%, p Ͻ 0.01) and TPNϩFOR piglets (ϩ64%, p Ͻ 0.05) (Fig. 5) .
Volume density of vWF (proportion of endothelial mass in the intestinal wall). The most dense endothelial distribution was observed in the mucosal layer (Vvmuc ϭ 14.0 Ϯ 0.3%). The submucosal and muscle layer were less densely vascularized (Vvsubmuc ϭ 9.2 Ϯ 0.3%; Vvmusc ϭ 6.2 Ϯ 0.3%). Of all vWF-IR in the intestinal wall, 81.0% was present in the mucosal layer, which can be attributed to the finding that the mucosal layer occupies 73.8 Ϯ 0.8% of the intestinal wall in these piglets (21). . Formula feeding was associated with more nuclear HIF1␣ staining than nonenterally fed or colostrum piglets. There was more nuclear HIF1␣ staining in the caudal region of enterally fed piglets compared with more cranial regions in these piglets. §p Ͻ 0.05 compared with TPNϩFOR; ¶p Ͻ 0.05 compared with caudal region.
139
Irrespective of feeding regimen, mucosal vWF density decreased linearly from the cranial (15.9 Ϯ 0.4%) to the caudal (11.8 Ϯ 0.5%) small intestine ( Fig. 6A ) (p Ͻ 0.01). In contrast, villus width showed a prominent cranial-to-caudal increase (from 78.4 Ϯ 1.8 m to 102.2 Ϯ 3.5 m, p Ͻ 0.01). Thus, a negative correlation was found between villus width and mucosal vWF density (p Ͻ 0.01), indicating that wider villi do not contain more vessels than smaller villi. Furthermore, a significant positive correlation was found between Vvmuc and former measurements of surface density (surface of the tunica mucosa divided by the volume of the tunica mucosa) (21) on the same intestinal biopsies (p Ͻ 0.05). Alterations in vWF density were not detected in the submucosal or muscle layer. No relation was found between mucosal vWF density and NEC lesions or nuclear HIF1␣-IR in the intestine.
Volume density of eNOS (proportion of eNOS stained endothelium in the intestinal wall). The most dense eNOS-IR was displayed in the mucosal (Vvmuc ϭ 6.1 Ϯ 0.3%) and the submucosal (Vvsubmuc ϭ 6.8 Ϯ 0.2%) layer, whereas a smaller ratio was seen in the muscle layer (Vvmusc ϭ 3.5 Ϯ 0.1%). Similar to vWF-IR, the largest portion of all eNOS-IR in the intestinal wall was present in the mucosal layer (78.9%).
eNOS Vvmuc interacted statistically significant between feeding and region. The cranial small intestine showed no feeding-related differences; whereas, the middle and caudal small intestine of enterally fed piglets (TPNϩFOR and TPNϩSOW) had a lower mucosal eNOS-density compared with the nonenterally fed piglets (NB and TPN) (Fig. 7, Fig.  6B ). This caused clear linear cranial-to-caudal decreasing gradients in enterally fed piglets (TPNϩFOR, p Ͻ 0.01; TPNϩSOW, p Ͻ 0.05). In none of the other layers of the intestinal wall, feeding-or region-dependent effects were found. In necrotic tissue, Vvmuc was decreased compared with in healthy tissue (p Ͻ 0.05) (Fig. 8 ), but it was not related with presence or absence of HIF1␣-IR (Fig. 9) .
Volume density of eNOS relative to vWF (proportion of eNOS-stained endothelium). Only a minor subset of endothelial cells expressed eNOS-IR in the intestinal mucosa (45.0 Ϯ 1.9%), whereas almost the complete endothelium in the submucosal layer (81.9 Ϯ 4.1%) and a large portion in the muscle layer (63.1 Ϯ 4.5%) expressed eNOS-IR. Statistics performed on data from the mucosal layer showed an interaction between intestinal regions and feeding regimen. No clear gradients along the small intestine were observed, except a tendency to decreasing cranio-caudal percentages in TPNϩFOR piglets (p ϭ 0.06). The divergence of the diet-dependent gradients along the small intestine lead to significant differences in the middle (TPN versus TPNϩFOR) and caudal region only (TPN versus TPNϩFOR and TPNϩSOW) (Fig. 6C) . Necrotic lesions in the intestine were associated with a significantly decreased ratio in mucosal eNOS/vWF, compared with healthy tissue (Fig. 9 , p Ͻ 0.05) but no relation was observed with the presence of nuclear HIF1␣-IR.
DISCUSSION
Alterations in the intestinal endothelium (vWF) and endothelial vasodilatory capacity (eNOS).
Following birth, the intestinal circulation has to cope with an increased mucosal oxygen demand at the moment of enteral feeding and suffice for nutrient absorption (5) . In addition, it is challenged by the enormous growth rate of the intestinal mucosa during the first days of life. Surprisingly, the distribution and growth of the intestinal microvasculature in the neonatal intestine is scarcely documented. The present results document for the first time a clear cranial-to-caudal decrease in microvasculature density. The negative correlation between mucosal vWF density and villus width suggests a cranial-to-caudal tissue dilution effect that makes the absolute amount of capillaries per villus the same in the cranial and caudal small intestine while villi are wider in the caudal region. An explanation may be related to the fountain-like distribution of villus capillaries (20) , where downstream capillaries are uniformly spread against the abluminal surface of enterocytes. Since small villi have an enlarged surface compared with broader villi containing a similar volume, it is likely that more downstream capillaries are present in a volume of smaller villi (cranial region) compared with broader villi (caudal region) to exhibit a similar spread along the surface. This is supported by the observed negative correlation between mucosal vWF density and surface density, although we cannot exclude the presence of wider capillaries in the caudal small intestine. A cranial-to-caudal decrease in intestinal blood flow has been reported in dogs (11) , pigs (12, 13) , and humans (14) . Based on our data, we suggest that blood flow gradients along the small intestine are related to the cranial-to-caudal decreasing gradients in mucosal vWF and/or eNOS, an endothelial enzyme responsible for the production of the main vasodilator NO in neonatal and premature animals (5, 7, 9) . Furthermore, this blood flow gradient was prominent in the mucosal layer only (11) , which is in agreement with the absence of an eNOS-or vWF gradient in the submucosal and muscle layer.
We investigated the intestinal characteristics over 2-3 d of TPN combined with 1-2 d of enteral feeding with colostrum or formula. Our design did not allow for a detailed analysis of both age and diet effects but the results on mucosal vWF density indicate that during the first days of premature life, the intestinal endothelium grows with a rate similar to the intestinal mucosa and this growth is not affected by type of diet (TPN, colostrum, or formula). In contrast, the expression of mucosal endothelial eNOS is diet-and region-dependent. In the cranial region, it remained unchanged during all feedings, although TPN piglets showed significant mucosal growth in this region. Therefore, an equal rate of increasing eNOS-IR to the mucosal growth occurs in TPN piglets. In the middle and caudal small intestinal mucosa however, eNOS density in TPNϩFOR and TPNϩSOW piglets decreased, compared with TPN piglets. Probably, the eNOS-IR lagged behind the remarkable growth spurt of the villi in the caudal intestinal region of TPNϩSOW piglets, whereas vWF-IR showed a similar growth rate. ENOS-IR was also reduced in the middle and caudal region of TPNϩFOR piglets, despite limited mucosal growth. It is therefore possible that formula-induced microbial changes or inflammatory responses are involved (3, 22) , as these factors are known to decrease eNOS-protein expression (23, 24) and predominate in the caudal small intestine (25) . Some compensation for this low eNOS density in enterally fed piglets may have occurred by an increased eNOS expression in terminal mesenteric arteries, as described previously in term piglets following enteral feeding (7) .
Endothelial alterations in relation to NEC. Since the caudal intestinal region of enterally fed piglets is characterized by a low microvascular density and low relative eNOS expression, this region is prone to develop hypoxia as soon as it becomes further stressed. This may explain why lesions in the neonatal small intestine under stressed or hypoxic conditions occur primarily in the caudal small intestine of rats (26 -28) and pigs (13, 29, 30) . Similarly, in the present piglet model and in human NEC, lesions occur preferentially in the caudal regions, especially when the intestine has to cope with an inferior feeding such as formula (2, 31) . Formula may be more provocative to the intestine, than colostrum, because it lacks the natural immunomodulatory factors (32) , resulting in inflammatory responses (22) and bacterial overgrowth (3) . The existence of such stress in premature formula-fed piglets was indicated by the presence of nuclear HIF1␣-IR, a stress-sensitive cellular marker. In addition, the caudal small intestine of enterally fed piglets was exposed to more nuclear HIF1␣ inducing insults, probably related to low eNOS density-thus high hypoxia sensitivity-in this region. On the other hand, the lack of a direct relationship indicates that additional stress factors have been involved (15, 16) . A direct association between NEC lesions and low eNOS expression was detected, similar to human NEC (33) where hypoxia is known to be a contributing factor (6) . Therefore, we speculate that a low eNOS density increases the risk for NEC by increasing the hypoxia sensitivity of the intestine.
In conclusion, the mucosal endothelial density along the small intestine in premature piglets decreases cranio-caudally, regardless of feeding regimen (TPN or enteral), whereas for mucosal eNOS expression, such a gradient is present only when enteral feeding is initiated. We hypothesize a delayed growth response of eNOS-IR in the fast growing mucosa caudally in the intestine of TPNϩSOW and a down-regulating effect of stress-factors associated with formula, as shown by nuclear HIF1␣, on eNOS expression in TPNϩFOR. The increased NEC sensitivity in enterally fed preterm pigs may thus in part be explained by increased hypoxia sensitivity of caudal intestinal regions resulting from a decreased mucosal eNOS density.
